Abstract-Quadrature Spatial Modulation (QSM) is a recently proposed Multiple-Input Multiple-Output (MIMO) transmission technique. In QSM, location dependent spatial information utilized to carry additional bits is expanded to include quadrature dimension in addition to the conventional SM real dimension. As such, an increase of the overall transmission data rate with base two logarithm of the square of the number of existing transmit antennas is achieved. In this paper, first, QSM performance over Rician fading channel is investigated, second, analytical framework supported by Monte Carlo simulation is established, and third, detailed results highlighting the impact of LOS on QSM performance are presented. Obtained analytical and simulation results show that QSM outperforms SM over Rician fading channels.
I. INTRODUCTION
Last decade witnessed tremendous improvement of wireless communication technologies. The improvement was driven mainly by a massive growth in demand for a variety of applications requiring very high data rates. Among the set of proposed technologies, MIMO is the most important contribution to the progress. As such, it has been considered in many recent standards including, 3rd Generation Partnership Project (3GPP) [1] - [5] , Wireless World Initiative New Radio (WIN-NER) [6] , and Long Term Evolution (LTE) [7] . MIMO makes use of spatial diversity in the radio channel to increase the data rate for a given bandwidth limitation. However, in practice, the deployment of multiple antennas at the transmitter and the receiver sides may not be feasible in certain applications due to size, cost, and hardware limitations [8] . As a result, several MIMO techniques were proposed [9] - [14] .
Space modulation techniques, such as Spatial Modulation (SM) [12] and Space Shift Keying (SSK) [11] , utilize location dependent spatial information to carry additional information bits in order to boost the overall spectral efficiency. In these techniques, however, only one single transmit antenna is active at each particular time instant. All other transmit antennas are switched off. Hence, MIMO hardware limitations such as inter-channel interference which requires high receiver complexity, transmit antenna synchronization, and the need of multiple RF chains are entirely avoided [10] , [12] . The fundamental idea of these techniques is to activate a single transmit-antenna during each time instant and use the activated antenna index as an extra source of information. Hence, with a moderate number of transmit antennas, as compared to other conventional MIMO techniques [11] - [14] , an extra base two logarithm of the number of transmit antennas is achieved while lowering complexity and enhancing performance error. A major criticism of SM is, however, the data rate enhancement being logarithmically proportional to the number of transmit antennas and not linearly as in spatial multiplexing techniques. To overcome this limitation while maintaining most inherent advantage of SM, a new system called Quadrature Spatial Modulation (QSM) was proposed [15] , [16] and [18] .
QSM expands the spatial constellation diagram to include a quadrature dimension in addition to the conventional real dimension of SM. The real part of a signal constellation symbol is transmitted from an antenna belonging to one dimension and the imaginary part is transmitted from an antenna from the other dimension. The QSM idea and its performance over Rayleigh fading channel are presented in [16] and the impact of imperfect channel knowledge at the receiver is studied in [18] .
In this paper, the performance of QSM system over Rician fading channel is studied. Rician fading is a stochastic fading model used when there is a Line-ofSight (LOS) component, and Rayleigh fading can be obtained as a special case. The existence of LOS component is known to increase the spatial correlation among different channel paths and deteriorates the performance of MIMO systems. Thereby and with reference to current literature, the contributions of this paper are: i) the impact of the presence of LOS component on the performance of QSM system is studied and an expression for the Pairwise Error Probability (PEP) is derived. ii) The derived PEP is used to obtain an upper bound of the average Bit Error Rate (BER), and iii) Monte Carlo simulation results are obtained to validate the derived analysis.
The remainder of this paper is organized as follows. In Section II, the system and channel models are introduced. Section III presents the derivation of the PEP. Some representative plots of the analytical and simulation results, along with their interpretations are provided in Section IV. Section V draws the conclusions for this paper and proposes for further work. The incoming data bits are divided into three data sets. The first set, containing bits are used to modulate a symbol x from arbitrary M-QAM (quadrature amplitude modulation) symbol. The other two sets, each containing bits, are used to modulate a transmit-antenna index from a real spatial constellation, and another antenna-index from a quadrature spatial constellation, . The symbol, x , is further decomposed to its real and imaginary parts. The real part is transmitted from an antenna with index . Similarly, the imaginary part is transmitted by another or the same transmit antenna depending on the other antenna index [16] . To further illustrate the principle working mechanism of QSM, an example is given in what follows. Assume a 2×2MIMO system and 4-QAM modulation. The number of data bits that can be transmitted at one particular time instant is bits. Let the incoming data bits be:
The first bits , modulate a 4-QAM symbol, . This symbol is divided further into real and imaginary parts, and . is a complex channel matrix with dimension and has the following structure [17] (1) where A is a deterministic matrix, V is a random matrix and is a constant defined as the Rician factor K. The factor K represents the relative strength of the direct and scattered components of the received signal. The deterministic matrix A satisfies with denoting the trace of a matrix, while V is given by (2) where W is an complex random matrix whose entries are i.i.d. complex Gaussian random variables with zero mean and variance . It should be noted that when K0, the Rician channel reduces to Rayleigh fading channel. The element denotes the complex channel path gain between the transmit antenna and receive antenna and is the column of Η , i.e.,
. The received signal is given by:
where E s is the transmitted energy and is the complex Gaussian noise vector with zero mean and variance (both real and imaginary parts having a double-sided power spectral density equal to ).
At the receiver, the channel matrix is assumed to be perfectly known and the transmitted data symbol and spatial symbols are jointly detected using the Maximum Likelihood (ML) optimal detector [16] , [18] as (4) where is the Hermitian of a vector or a matrix, denotes the norm, and . The detected antenna indexes and along with the detected data symbols and are used to retrieve the original information bits.
III. PERFORMANCE ANALYSIS
The average BER of a QSM system can be calculated using the union-bound technique [19] , [20] given by (5) where represents the pairwise error probability of deciding on given that is transmitted and is the number of bit errors associated with the corresponding PEP event. Rewriting (4) as, (6) where with and S is a set with dimension containing all possible combinations of spatial and data symbols.
The variable
Taking the expectation of (6) yields (7) where is the moment generating function MGF of the random variable .
A general solution to the performance analysis of spatial modulation (SM) MIMO systems has been proposed in [21] and will be considered here as well. The MGF arguments in (7) can be written as [22] (8) where is an identity matrix and is the vectorization operation.
Let Q be a Hermitian matrix and u is a complex random variable with real and imaginary parts of its components being normally distributed and has equal mean and variance. In this paper, a Rician fading channel is considered which has the following mean and variance (9) Let the mean matrix of u be and the covariance is C. Then from [23] , for any Hermitian matrix Q, the MGF of is,
where I denotes the identity matrix with proper dimensions.
Using (8) and (10), the MGF in (7) can be written as (11) where . Now, plugging (11) into (7) yields H
Accordingly, the PEP of QSM MIMO systems over Rician fading channel is given by (13) Using (9), the mean matrix and the covariance matrix C are (14) ( 15) where is an all ones matrix.
IV. NUMERICAL AND SIMULATIONS RESULTS
In the analysis, the 4×4 and 2×4 MIMO systems are considered to achieve a spectral efficiency of 6 bps/Hz and 4 bps/Hz respectively. QSM and SM performances are compared for different channel parameters. Also, the impact of the Rician K−factor on the performance of QSM system is studied. The signal to noise ratio (SNR) is depicted versus Bit Error Ratio (BER) and analytical and simulation results are presented. In Monte Carlo simulation results, at least 10 7 bits are simulated for each SNR value. Fig. 2 . Average BER performance of 4x4 QSM 4QAM MIMO system versus SNR forK=2. Result for 4x4 16QAM SM system achieving similar spectral efficiency is depicted as well Fig. 3 . Average BER performance of 4x4 QSM 4QAM MIMO system versus SNR for K=5. Result for 4x4 16QAM SM system achieving similar spectral efficiency is depicted as well
In Fig. 2 , results for the 4x4 QSM and SM systems are presented. QSM uses 4-QAM to achieve a spectral efficiency of 6bps/Hz, while SM uses 16QAM to achieve the same spectral efficiency. The Rician K−factor is set to 2. Analytical result shows perfect match with simulation results for high but paramagnetic SNR values. QSM system outperforms SMby almost 4 dB. Fig. 3 considers similar systems as in Fig. 2 but with K = 5. Increasing the value of K degrades the performance of both SM and QSM systems and a performance degradation of about 3 dB can be noticed when compared to the results in Fig. 2 for K = 2. The higher the K−factor means that the LOS path dominates, which increases the spatial correlation among different channel paths and degrades the performance of MIMO systems in general. [12] . QSM uses 4-QAM modulation while SM considers 8-QAM to achieve a spectral efficiency of 4bps/Hz. Similar trend as noticed in the first two figures can be seen here as well and skipped for the sake of brevity.
In the last result shown in Fig. 6 , the impact of varying the Rician K−factor on the performance of QSM system is discussed. Different values for K parameters from 0 to 5 are presented. The value of K = 0 simulates the performance over Rayleigh fading channel and coincide with the reported results for the same system setup in [16] . The performance of QSM over Rician fading channel is presented in this paper. Rician fading channel is a general distribution where the transmitter and the receiver communicate over a LOS and a non LOS paths. Detailed performance analysis is presented in this paper. The PEP is obtained and used to derive an upper bound on the average bit error probability. Reported results reveal that QSM performance degrades with increasing the Rician K−factor. Increasing Rician K−factor increases the spatial correlation among different channel paths and degrades QSM performance. It is also shown that QSM outperforms SM over Rician fading channels. The impact of channel imperfections will be addressed in future work.
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